Loss of function mutations of DJ-1 (PARK7) have been linked to the pathogenesis of Parkinson's disease. Antioxidative stress is one of the multi-protective functions of DJ-1, and oxidation of cysteine 106 has been proposed to regulate the protective activity of DJ-1. Uncoupling protein 4 (UCP4) is located in the inner membrane of mitochondria and functions to protect against oxidative stress. In this study, we used neuronal (SH-SY5Y) cells and DJ-1 knockout mice to elucidate whether DJ-1 regulated oxidative stress via modulating the expression of UCP4, and the underlying mechanism. The downstream products of oxidative stress, mitochondrial membrane potential (DΨm) and cell viability were also investigated. We found that UCP4 was up-regulated upon 1-methyl-4-phenylpyridinium (MPP + ) stimulation in SH-SY5Y cells, which was enhanced by wild type DJ-1 and alleviated by DJ-1 knockdown. Expression of UCP4 in DJ-1 knockout mice was lower compared with wild-type mice. In addition, up-regulation of UCP4 was alleviated by inhibition of oxidized DJ-1, and enhanced by increase in oxidized DJ-1 under conditions of oxidative stress using western blot analysis. Moreover, overexpression of UCP4 in DJ-1 knockdown cells partially reversed the decrease in cell viability, DΨm, as well as the increase in products of oxidative stress upon MPP + stimulation. Furthermore analysis showed that DJ-1 regulated transcriptional activity of UCP4 partially via Nuclear factor-kappa B (NF-jB) pathway in the presence of MPP + . Together, our results suggested DJ-1 might regulate the expression of UCP4 by oxidation of DJ-1 and partially via NF-jB pathway in its protective response to oxidative stress.
Parkinson's disease (PD) is one of the most common neurodegenerative disorders. However, its pathogenesis remains to be elucidated. Accumulating evidence suggests that oxidative stress in neurons contributes to the onset and progression of PD (Chien et al. 2013; Zhao et al. 2016) .
Oxidative stress occurs when excessive production of harmful oxidants such as reactive oxygen species (ROS) exceeds antioxidants, and this can potentially cause damage to normal tissues and cells (Bayr 2005) . The significance of oxidative stress in the pathogenesis of PD is supported by the fact that dopaminergic neurons in the substantia nigra pars compacta (SNc) have a higher propensity for generating ROS including superoxide anion (O 2 ÁÀ ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (ÁOH) in the metabolism of dopamine (Lotharius and Brundin 2002; Dickson 2007) . Among all of the organelles that can generate ROS within cells, mitochondria are the major sites responsible for more than 90% of ROS (Yan et al. 2013 ). 1-methyl-4-0 7 0 -dichlorodihydrofluorescein diacetate; DHE, dihydroethidium; DJ-1, protein deglycase DJ-1 (PARK7); H 2 O 2 , hydrogen peroxide; JC-1, 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazole-carbocyanide iodine; KO, knock out; MPP + , 1-methyl-4-phenylpyridinium; MPTP, 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine; MTT, 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bromide; NF-jB, nuclear factor-kappa B; O 2 À , superoxide anion; OH, hydroxyl radical; PD, Parkinson's disease; PDTC, pyrrolidine dithiocarbamate; ROS, reactive oxygen species; RRID, research resource identifier; RT-PCR, reverse transcription-polymerase chain reaction; shRNAs, Short hairpin RNAs; SNc, substantia nigra pars compacta; TMRM, tetramethylrhodamine methyl ester; UCP4, uncoupling protein 4; WT, wild type; DΨm, mitochondrial membrane potential.
phenylpyridinium (MPP +
, the active form of 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP), uncouples redox reactions by inhibiting mitochondrial electron transport chain complex I, leading to increased ROS production. MPTP has been used extensively as a preclinical PD animal model that reproduces a number of features similar to PD (Gerlach et al. 1991) .
Although PD is mostly sporadic, many genes including asynuclein, Parkin, PINK1, PARK7, LRRK2, VPS35, and EIF4G1 have been confirmed to be closely related to the disease pathogenesis (Spatola and Wider 2014) . The DJ-1 gene, also known as PARK7, encodes a ubiquitous and multifunctional protein consisting of 189 amino acids, which is reported to be associated with familial early-onset PD (Bonifati et al. 2003) . DJ-1 has various functions, including transcriptional regulation, antioxidative stress, and acting as a chaperone (Shendelman et al. 2004; Inden et al. 2006; Ishikawa et al. 2010) . DJ-1 has three cysteine at amino acid numbers 46, 53, and 106 (Cys46, Cys53, and Cys106, respectively) , and Cys106 was most sensitive among three cysteine residues to oxidative stress (Kinumi et al. 2004) . The oxidative modification of DJ-1 is thought to be important for maintaining the function of DJ-1 (Moscovitz et al. 2015) . Mutations of DJ-1 Cys106 residue from cysteine to alanine (C106A) or serine (C106S) result in the loss of protective activity against oxidative stressors (Ooe et al. 2006; Waak et al. 2009; Kato et al. 2013) . In addition, it has also been reported that substitution at a proximal glutamic acid residue (Glu18) with aspartate (E18D) inhibits the Cys106 oxidation, while the mutant of Glu18 to asparagine (E18N) enhances it and protects the cells against oxidative stress (Blackinton et al. 2009 ). However, the specific role of DJ-1 in regulation of oxidative stress has not been completely clarified.
Uncoupling protein 4 (UCP4) belongs to a family of uncoupling proteins that are located in the inner mitochondrial membrane and dissipate the proton electrochemical gradient generated during electron transport via the mitochondrial respiratory chain (Ramsden et al. 2012) . UCP4 is mainly expressed in brain tissue, including the hippocampus, cortex, SNc, striatum and cerebellum Ramsden et al. 2012) . Recent studies have shown that UCP4 regulates different biologic functions such as mitochondrial function, oxidative phosphorylation, neuronal cell survival, and calcium regulation Xu et al. 2012) . Previously, a study has shown that expression of antioxidant enzymes such as superoxide dismutase 2, glutathione peroxidase (GPx) and catalase remained unchanged in the SNc of DJ-1 knockout (KO), while expression of UCP4 mRNA significantly decreased, and the degree of oxidization of matrix proteins increased in the SNc of DJ-1 KO mice (Guzman et al. 2010) . Results from this study indicate that UCP4 might play a role in oxidative stress in neurons.
As described above, DJ-1 protects against oxidative stress in cells and might have a relationship with UCP4. However, the exact role of DJ-1 in regulating oxidative stress, and the underlying molecular mechanisms remain largely elusive. In this study, we will verify that DJ-1 regulates levels of oxidative stress through modulating the expression of UCP4 upon oxidative injury, and try to reveal the molecular mechanism underlying this regulation. The transfection of WT DJ-1 and UCP4 over-expression plasmids were conducted using Lipo 3000 reagent. After 24-48 h of incubation, cells were treated and collected for further analysis. Mutated plasmids of DJ-1 (C106A, C106S, E18D and E18N) were constructed by polymerase chain reaction (PCR)-Mediated SiteDirected Mutagenesis as previously described (Carey et al. 2013) . Briefly, primers containing the mutated sites were added to the plasmid (WT DJ-1) and amplified using Pfu DNA polymerase. PCR products were then digested with DpnI (cleaves methylated GATC sequences) for 1-2 h at 37°C. The mutated plasmids were confirmed by sequencing. The specific primers used are listed below (from 5 0 -3 0 ). 
Materials and methods

Materials
ACATCTACAGGGATGACCGTGTTCATTTCCTCT GCTCCTTTAG
Western blot Cells and midbrain tissues with different treatments were lysed in radioimmunoprecipitation lysis buffer (50 mM Tris-HCl, pH 8.0; 1% NP-40; 0.5% sodium deoxycholate; 150 mM NaCl; 0.1% sodium-dodecyl sulfate containing protease inhibitor cocktails and 1 mM phenyl-methylsulfonyl fluoride). Proteins were separated by polyacrylamide gel electrophoresis, and then transferred onto polyvinylidene fluoride membranes. The membranes were blocked with 5% bovine serum albumin for 2 h at room temperature and incubated overnight at 4°C with primary antibodies (b-actin, 1 : 2500; DJ-1, 1 : 2000; UCP4, 1 : 500). Membranes were then washed three times with Tris-Buffered Saline Tween-20, and incubated with the appropriate HRP-conjugated secondary antibodies at 25°C for 1 h. After being washed three times with TrisBuffered Saline Tween-20, specific protein bands were visualized using the enhanced chemiluminescence detection system.
Reverse transcription polymerase chain reaction (RT-PCR) analysis
Total RNAs were isolated using Trizol method according to the manufacturer's protocol. RNA was reverse transcribed into cDNA using the PrimeScript TM RT-PCR Kit (Takara).
The cDNA was then used for PCR analysis using the following primers (from 5 0 -3 0 ).
Ucp4
Forward: CTGGACTGGTAGCTTCTATTCTGGG Reverse: TTAAAATGGACTGACTCCACTCATC
Dj-1
Forward: TCCTGATGCCAGCCTTGA Reverse: GACCGTCTCCATTTCCTCTG b-actin Forward: AAG GTGACAGCA GTCGGTT-3 Reverse:TGT GTGGACTTG GGAGAGG PCR amplification was performed under the following conditions: denaturation at 94°C for 5 min, followed by 30 cycles at 95°C for 30 s, 56°C for UCP4 or 58°C for DJ-1 and b-actin for 30 s, 72°C for 30 s, and a final extension at 72°C for 7 min. The PCR products were analyzed by agarose gel electrophoresis.
Cell viability
Cell viability was determined by the MTT assay. Cells were incubated overnight in 96-well plate at 4 9 10 3 cells per well for 24 h. After different treatments, each well was supplemented with 10 lL MTT (0.5 mg/mL). After 4 h of incubation at 37°C, MTT solution was removed and 200 lL DMSO was added to each well. The absorbance was measured at 570 nm using a microplate reader (BioTek, Winooski, VT, USA).
Measurement of product of oxidative stress
We used DCFH-DA and DHE probes to detect ROS and O 2 ÁÀ , respectively, which are readily taken up by cells. DCFH-DA was diluted to a final concentration of 10 lM with DMSO. After the different treatments, cells were incubated with DCFH-DA probe at 37°C for 30 min before detection. ROS levels were measured with a microplate reader (BioTek) with excitation and emission wavelengths at 485 nm and 535 nm, respectively. DHE was diluted to a final concentration of 5 lM with DMSO. Cells were incubated with DHE at 37°C for 30 min before measurement with a microplate reader (BioTek) at an excitation and emission wavelengths of 544 nm and 612 nm, respectively. The concentration of H 2 O 2 was analyzed with a hydrogen peroxide assay kit. According to the manufacturer's instruction, cells were lysed in 100 lL lysis buffer supplied by the kit. The supernatants were gathered by centrifuging at 12 000 g for 10 min and used to determine the H 2 O 2 concentration. In brief, samples solution (50 lL) were added to reaction reagent (100 lL) for 30 min at 25°C and measured immediately with a microplate reader (BioTek) at a wavelength of 560 nm. The concentration of H 2 O 2 was calculated using a standard curve generated with standard solutions of H 2 O 2 .
Measurement of mitochondrial membrane potential
Mitochondrial membrane potential (DΨm) was measured using two fluorescent probes in separate experiments, JC-1 and TMRM. When mitochondrial membrane potential is at a high level, JC-1 generates red fluorescence as polymers, while when mitochondrial membrane potential is at a low level, JC-1 generates green fluorescence as monomers. After the different treatments, cells were incubated with 1 9 JC-1 probe at 37°C for 20 min or 100 nM TMRM at 37°C for 30 min before detection. The fluorescence intensity of JC-1 was measured by a microplate reader (BioTek) with excitation and emission wavelengths of 490 and 530 nm to detect monomers of JC-1 and excitation and emission wavelengths of 525 and 590 nm to detect polymers of JC-1. Red fluorescent were normalized to green fluorescent signals. TMRM is a membrane-permeable fluorescent probe, and the decrease in TMRM fluorescence indicates disruption of mitochondrial membrane potential. After the different treatments, cells were incubated with 100 nM TMRM at 37°C for 30 min before detection. The fluorescence intensity of TMRM was measured by microplate reader (BioTek). Excitation was set at 488 nm and emission at 570 nm.
Dual luciferase reporter assays
The human UCP4 promoter was amplified and inserted into the KpnI site of pGL3-basic plasmid (Takara). Cells were cultured in 12-well plate and co-transfected with corresponding plasmids or pGL3-basic plasmid (control reporter) for a reporter assay using Lipo 3000. Twenty-four hours after transfection, cells were harvested after drug administration followed by luciferase reporter assay using a Dual-Luciferase Reporter Assay Kit (Promega, Madison, WI, USA) and a microplate reader (BioTek). Firefly luciferase reporter gene measurements were normalized to Renilla luciferase activity. Cell lysates were subjected to luciferase activity measurement according to the manufacturer's instructions.
Statistical analysis
Each result presented here was derived from at least three independent experiments. Due to the small sample sizes, assumptions of how well the normality and equal variances fit the data could not be reliably assessed. A formal power calculation was not performed and the number of animals was based on experience from previous experiment (Sanchez-Padilla et al. 2014) . Statistical analyses were performed using GraphPad Prism 5.0 software (RRID: SCR_002798). For comparisons of multiple experimental conditions, one-way or two-way ANOVA was used, and if significant overall, post hoc corrections (Bonferroni) for multiple pairwise comparisons were made. p values less than 0.05 were considered significant. All bar graphs show means AE standard error of the mean (SEM).
Results
The up-regulation of UCP4 in response to oxidative stress is inhibited by DJ-1 knockdown or deficiency In this study, the mRNA level of UCP4 in SH-SY5Y cells was significantly increased compared with controls after incubation with MPP + for 24 h, and was maintained at significantly high levels at 48 and 72 h (Fig. 1a) . UCP4 protein expression was also significantly up-regulated upon MPP + stimulation at 48 and 72 h (Fig. 1b) . We then tested whether the up-regulation of UCP4 induced by MPP + was modulated by DJ-1 in vitro. Herein, SH-SY5Y cells were transfected with different sequences of DJ-1 shRNAs (DJ-1 shRNA-217, shRNA-373, shRNA-494 and shRNA-709). Knockdown of endogenous DJ-1 was confirmed by western blot, which showed that shRNA-709 was the most efficient, demonstrating a nearly 60% knockdown of DJ-1 protein (Fig. 1c) . Based on this, SH-SY5Y cells were stably transfected with DJ-1 shRNA-709 and nearly a 76% knockdown of DJ-1 protein was observed (Fig. 1d) . We found that the up-regulation of UCP4 mRNA induced by MPP + was significantly alleviated by DJ-1 knockdown in SH-SY5Y cells (Fig. 1e) . Protein expression of UCP4 upon MPP + stimulation was also attenuated by knocking down of DJ-1 (Fig. 1f) .
In addition, it was found that protein level of UCP4 in the midbrain of WT mice was up-regulated after MPTP injection intraperitoneally. However, expression of UCP4 in DJ-1 KO mice in response to MPTP was significantly lower compared with WT mice (Fig. 2) .
Over-expression of DJ-1 promotes the up-regulation of UCP4 upon oxidative stress Since the up-regulation of UCP4 in response to oxidative stress was suppressed by DJ-1 knockdown or deficiency, we then investigated whether over-expression of DJ-1 could also influence the expression of UCP4. WT DJ-1 plasmid was transfected into SH-SY5Y cells. Over-expression of DJ-1 protein was confirmed by western blot, which showed a nearly 3.9-fold over-expression of DJ-1 protein compared with control group (Fig. 3a) . Over-expression of DJ-1 significantly promoted the up-regulation of UCP4 upon MPP + stimulation for 48 h (Fig. 3b) . Furthermore, UCP4 over-expression plasmid was transfected into SH-SY5Y cells and western blot analysis showed a 2.7-fold over-expression of UCP4 protein compared with control group (Fig. 3c) . On the contrary, over-expression of UCP4 has no effect on the (f) Up-regulation of UCP4 protein expression upon MPP + stimulation was alleviated by DJ-1 knockdown. Data are shown as the mean AE SEM of 3 independent experiments (n = 3). DJ-1 KD, DJ-1 knockdown; *p < 0.05, **p < 0.01, ***p < 0.001 versus control; #p < 0.05, ##p < 0.01 versus control+MPP + . expression of DJ-1 with or without MPP + stimulation for 6 h (Fig. 3d) .
The up-regulation of UCP4 was regulated by oxidation of DJ-1 under conditions of oxidative stress The oxidative status of cys106 of DJ-1 is critical for the functions of DJ-1. We then investigated the role of oxidation of DJ-1 in regulating the expression of UCP4. SH-SY5Y cells were transfected with the WT DJ-1 or mutants of DJ-1 (C106A, C106S, E18D and E18N) plasmids and exposed to MPP + as described above. The oxidation level of DJ-1 was examined by anti-Cys106 oxidized DJ-1 antibody. MPP + exposure increased Cys106 oxidation of DJ-1, which is further enhanced by DJ-1 over-expression (Fig. 4a-d) . However, the oxidation of DJ-1 was alleviated by C106A (Fig. 4a), C106S (Fig. 4b) and E18D mutants of DJ-1 (Fig. 4c ) compared with WT DJ-1; while E18N mutant of DJ-1 enhanced the oxidation of DJ-1 (Fig. 4d) . We then used the mentioned mutants of DJ-1 to investigate the role of Cys106 oxidation to DJ-1 0 s ability to enhance UCP4 expression. We found that the up-regulation of UCP4 reduced by C106A (Fig. 4e), C106S (Fig. 4f) and E18D mutants of DJ-1 (Fig. 4g ) compared with WT DJ-1.
However, E18N mutant of DJ-1 enhanced the expression of UCP4 (Fig. 4h) .
Over-expression of UCP4 rescued oxidative injury aggravated by DJ-1 knockdown As shown above, DJ-1 was able to modulate the expression of UCP4 in the presence of MPP + . In order to investigate whether UCP4 was involved in the antioxidative stress function of DJ-1, DJ-1 knockdown cells were transfected with UCP4 over-expression plasmid and 2.9-fold over-expression of UCP4 protein was confirmed by western blot (Fig. 5a) . Our results demonstrated that cell viability (Fig. 5b) and DΨm (Fig. 5c for JC-1 and Fig. 5d for TMRM) were significantly decreased upon MPP + stimulation, which were aggravated by DJ-1 knockdown. Over-expression of UCP4 in DJ-1 knockdown cells could partially rescue the decreased cell viability (Fig. 5b) and DΨm ( Fig. 5c and d) caused by knocking down of DJ-1. In addition, the increased production of ROS (Fig. 5e) , O 2 ÁÀ (Fig. 5f ) and H 2 O 2 (Fig. 5g ) upon MPP + treatment were aggravated by DJ-1 knockdown. Overexpression of UCP4 in DJ-1 knockdown cells partially rescued the increase in the aforementioned oxidative stress products caused by DJ-1 knockdown. 
DJ-1 regulated UCP4 expression partially via NF-jB
In this study, we found no interaction between DJ-1 and UCP4 proteins with or without MPP + stimulation using coimmunoprecipitation (CO-IP) assay (data not shown), indicating that DJ-1 protein might not interact with UCP4 protein within the cells. DJ-1 has been reported to regulate the transcription of nuclear factor-kappa B (NF-jB) (McNally et al. 2010) . Besides, the promoter region of UCP4 contains a NF-jB combining site (Fig. 6a) . Therefore, we conceived that DJ-1 might regulate the UCP4 transcription via NF-jB pathway. As expected, over-expression of DJ-1 promoted the basal transcription of UCP4 and transcriptional activation of UCP4 induced by MPP + stimulation, while inhibition of NFjB partially reduced the transcriptional activation of UCP4 enhanced by DJ-1 over-expression in the presence of MPP + (Fig. 6b) .
Discussion
In this study, we demonstrated that DJ-1 regulated the expression of UCP4 partially via nuclear factor-kappa B pathway in its protective response to oxidative stress. PD, one of the most common neurodegenerative diseases, is a multifactorial disease caused by both genetic and environmental factors. Oxidative stress has been shown to play important roles in the pathogenesis of PD (Chien et al. 2013; Zhao et al. 2016) . Mutations of DJ-1 have been reported to cause familial early-onset PD (Bonifati et al. 2003; Hague et al. 2003) . It has been reported that level of DJ-1 protein is significantly increased in idiopathic PD brains (Choi et al. 2006) . DJ-1 also interacts directly with a-synuclein, an abnormal protein linked to both familial and sporadic forms of PD, and reduce a-synuclein dimerization monomers (Zondler et al. 2014) , indicating that DJ-1 might also play roles in sporadic PD (Choi et al. 2006; Hong et al. 2010) . DJ-1 acts as a multifunctional protein and protects against oxidative stress in neurons (Inden et al. 2006; Liu et al. 2008) . However, the mechanisms underlying the antioxidative function of DJ-1 remain to be fully elucidated.
Oxidative stress is the state of imbalance between ROS production and clearance. Products of oxidative stress are increased in states of inefficient energy metabolism, hypoxia, and environmental toxins exposure (Finkel and Holbrook 2000) . MPP + leads to the decrease in the cell viability and increase in products of oxidative stress by inhibiting mitochondrial complex I (Gerlach et al. 1991) . In this study, we found that knocking down of DJ-1 in SH-SY5Y cells further lowered the cell viability in response to MPP + . Besides, the decreased DΨm and increased production of ROS, O 2
ÁÀ
, and H 2 O 2 induced by MPP + stimulation were also aggravated by DJ-1 knockdown, indicating DJ-1 knockdown cells were more susceptible to MPP + toxicity as a consequence of excessive production of ROS. Other studies have also shown that DJ-1 deficiency impaired DΨm and ROS buffering (Larsen et al. 2011; Wang et al. 2011) , which are consistent with our results. There is a potential difference between the inner and outer membrane of mitochondria, which is required to maintain process of the mitochondrial electron conductivity. Therefore, the decrease in DΨm could have a harmful effect on mitochondrial respiratory function. H 2 O 2 and O 2 ÁÀ are important parts of ROS which could cause damage to normal tissues and cells (Bayr 2005) . UCP4 belongs to the UCP superfamily, that are principally located in the inner membrane of mitochondria, and function to pass protons through the inner mitochondrial membrane to the matrix, thereby reducing the leakage of high energy electrons and generation of ROS (Ramsden et al. 2012) . Consistent with a previous study, which demonstrated that UCP4 mRNA level was increased by MPP + treatment (Ho et al. 2005) , we also found that expression of UCP4 was significantly up-regulated in a time-dependent manner upon MPP + stimulation in SH-SY5Y cells. In addition, another study in amyotrophic lateral sclerosis also demonstrated that expression of UCP4 was increased under oxidative insults (Xu et al. 2011) . The mitochondrial localization and upregulation of UCP4 in response to MPP + indicated that UCP4 might exert protective roles against oxidative stress.
Guzman JN and colleagues found that expression of UCP4 mRNA in the SNc of DJ-1 KO mouse was decreased, accompanied by increased degree of oxidization of matrix proteins (Guzman et al. 2010) . Consistent with this study, we found that the up-regulation of UCP4 upon MPP + stimulation in SH-SY5Y cells was significantly alleviated by DJ-1 knocking down. This result was further supported by a research in vivo, which demonstrated that expression of UCP4 in the midbrains of DJ-1 KO mice was significantly lower compared with WT mice after intraperitoneal injection of MPTP. In addition, over-expression of DJ-1 further promoted the increase in UCP4 upon MPP + stimulation, while over-expression of UCP4 had no significant effect on the expression of DJ-1. These results highlighted the idea that DJ-1 regulated the expression of UCP4 under oxidative stress.
It has been reported that the oxidative modification of DJ-1 enable DJ-1 to act as a sensor of cellular redox homeostasis to participate in cytoprotective signaling pathways (Moscovitz et al. 2015) . In this study, oxidation of DJ-1 was found to be reduced by C106A and C106S mutants of DJ-1 compared with wild type DJ-1, which is consistent with previous studies (Canet-Aviles et al. 2004; Kato et al. 2013) . In addition, the up-regulation of UCP4 was alleviated by C106A or C106S mutant, indicating that inhibition of oxidation of DJ-1 by C106A or C106S mutant alleviated the up-regulation of UCP4 under oxidative stress. It has been reported that E18D mutant of DJ-1 diminished the oxidation of DJ-1, while E18N mutant enhanced it (Blackinton et al. 2009 ). In parallel with this study, we also found that E18D mutant of DJ-1 alleviated the oxidation of DJ-1 and up-regulation of UCP4 in conditions of oxidative stress; while E18N mutant of DJ-1 enhanced the oxidation of DJ-1 and expression of UCP4, further suggesting the role of DJ-1 oxidation in the regulation of UCP4 expression.
Studies have shown that over-expression of UCP4 is able to maintain calcium homeostasis, reduce ROS production, and exert a protective effect on cells exposed to mitochondrial toxic insults Liu et al. 2006) . In this study, we found that supplementing UCP4 in DJ-1 knockdown cells could partially ameliorate the decrease in cell viability and DΨm and the increased production of ROS, O 2
, and H 2 O 2 induced by MPP + stimulation compared with DJ-1 knockdown cells. Thus, the decrease in cell viability and DΨm and suppression of oxidative stress contributed to the fact that UCP4 is involved in the antioxidative stress effect of DJ-1 and exerted its protective roles against oxidative stress.
DJ-1 is present mostly in the cytoplasm and to a lesser extent in mitochondria and nucleus of dopaminergic neurons. However, upon oxidant challenge, DJ-1 is able to translocate to mitochondria and nucleus, and the localization of DJ-1 in the mitochondria play more effective roles in oxidative stress (Junn et al. 2009 ). This made us wonder whether DJ-1 protein could interact with UCP4 protein under conditions of oxidative stress. However, it was found that there was no interaction between DJ-1 and UCP4 proteins with or without MPP + stimulation using CO-IP assay. Upon oxidative stress, DJ-1 has been shown to regulate various transcription factors including nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and p53 that transmit downstream signals to respond to oxidative stress (Shinbo et al. 2005; Clements et al. 2006) . Studies have also shown that DJ-1 can regulate NF-jB transcriptional activity, and DJ-1 deletion could inhibit NF-jB transcription (McNally et al. 2010; Kim et al. 2014) . It has also been reported that there was a NF-jB binding site in the promoter region of UCP4, and mutation of this site significantly decreased UCP4 transcription (Ho et al. 2010) . The transcriptional activity of UCP4 was significantly increased upon treatment with TNF-a, an agonist of NF-jB, while inhibition of NFjB significantly decreased the transcription of UCP4, suggesting that NF-jB was involved in the transcriptional regulation of UCP4 (Ho et al. 2010) . Therefore, it is reasonable to postulate that the regulation of UCP4 expression by DJ-1 upon MPP + toxicity may be modulated by the NF-jB signaling pathway. NF-jB is an important nuclear transcription factor (Sarnico et al. 2009 ). When activated, NF-jB is released and enters the nucleus and binds to the NF-jB sites in promoters of target genes to regulate their transcription (Sarnico et al. 2009 ). Activation of NF-jB has already been reported in the SNc of mice treated with MPTP (Dehmer et al. 2003) , as well as in the brains of PD patients (Hunot et al. 1997) . In this study, we demonstrated that DJ-1 over-expression promoted the transcriptional activation of UCP4 induced by MPP + stimulation, which further verified our result that over-expression of DJ-1 enhanced the expression of UCP4. In addition, the transcriptional activity of UCP4 enhanced by DJ-1 over-expression was partially alleviated by NF-jB only in the presence of MPP + , suggesting that NF-jB might be involved in the regulation of UCP4 mediated by DJ-1 under oxidative stress conditions. Though DJ-1 over-expression increased the basal transcription of UCP4 without MPP + stimulation, only overexpression of DJ-1 could not up-regulate the expression of UCP4, probably due to inadequate activation of UCP4 transcription in basic conditions.
In conclusion, our study identifies the regulatory function of DJ-1 oxidative stress through modulation of UCP4 expression by DJ-1 oxidation and partially via nuclear factor-kappa B pathway. These results may further help to understand the new mechanism involved in the antioxidative stress function of DJ-1, especially in the mitochondria related oxidative stress, which may provide important insight into the pathogenesis of PD.
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